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ABSTRACT: Iron-driven secondary brown carbon formation reactions from
water-soluble organics in cloud droplets and aerosols create insoluble and
soluble products of emerging atmospheric importance. This work shows, for
the ﬁrst time, results on dark iron-catalyzed polymerization of catechol
forming insoluble black polycatechol particles and colored water-soluble
oligomers under conditions characteristic of viscous multicomponent aerosol
systems with relatively high ionic strength (I = 1−12 m) and acidic pH (∼2).
These systems contain ammonium sulfate (AS)/nitrate (AN) and C3−C5
dicarboxylic acids, namely, malonic, malic, succinic, and glutaric acids. Using
dynamic light scattering (DLS) and ultra high pressure liquid chromatography-mass spectrometry (UHPLC-MS), we show results on the rate of
particle growth/agglomeration and identity of soluble oligomeric reaction products. We found that increasing I above 1 m and
adding diacids with oxygen-to-carbon molar ratio (O:C > 1) signiﬁcantly reduced the rate of polycatechol formation/aggregation by
a factor of 1.3 ± 0.4 in AS solution in the ﬁrst 60 min of reaction time. Using AN, rates were too slow to be quantiﬁed using DLS,
but particles formed after 24 h reaction time. These results were explained by the relative concentration and aﬃnity of ligands to
Fe(III). We also report detectable amounts of soluble and colored oligomers in reactions with a slow rate of polycatechol formation,
including organonitrogen compounds. These results highlight that brown carbon formation from iron chemistry is eﬃcient under a
wide range of aerosol physical states and chemical composition.

■

INTRODUCTION
Processes that lead to secondary organic aerosol (SOA)
formation include atmospheric oxidation of volatile organic
compounds (VOCs) from biogenic and anthropogenic
sources, gas-particle partitioning, and multiphase/heterogenous reactions.1−4 Also, a number of chemical and photochemical aging processes of primary aerosols and SOA lead to
the formation of “brown carbon”, a term that refers to lightabsorbing soluble and insoluble components.5 The role of
transition metals such as iron in the formation and aging of
SOA is not well understood.6 Iron is a ubiquitous component
of mineral dust, ﬂy ash, and marine aerosols with speciation
that varies by aerosol source.7−12 The fraction of soluble iron
in particles is enhanced via uptake of acidic gases during longrange transport.11,13,14 Cycling between wet aerosols and cloud
droplets not only changes the pH from highly acidic to more
neutral values but also aﬀects the concentration of soluble
iron.15 The soluble iron content can drive reactions that
change the optical properties of dust to be more light
absorbing at all wavelengths, as we recently shown from the
reaction of Arizona Test Dust and hematite nanoparticles with
catechol as a function of pH.16
A number of (photo)chemical reactions in atmospheric
cloud droplets and aerosols are catalyzed by soluble iron,
forming either soluble or insoluble products. For example,
redox cycling between Fe(II) and Fe(III) species has been
© 2020 American Chemical Society

shown to catalyze S(IV) oxidation and production of hydroxyl
and organic peroxy radicals.6,12,17,18 Another example of redox
reactions catalyzed by Fe(III) is the formation of soluble
organosulfates from the reaction of C2−C4 unsaturated
carbonyl compounds methacrolein (MACR) and methyl
vinyl ketone (MVK) with bisulﬁte anion.19 On the other
hand, aqueous phase reactions of Fe(III) with soluble aromatic
compounds detected in biomass burning aerosols and
unsaturated C4−C6 dicarboxylic acids detected in aged
secondary organic aerosols lead to eﬃcient formation of
insoluble and colored polymeric compounds, even in the
presence of competing ligands such as sulfate and oxalate.20−22
A number of factors aﬀect the rate of reactions in
atmospheric cloud/fog droplets and deliquescent aerosol
systems containing Fe(II)/Fe(III) species. These factors
include the concentration of reactants, pH, and ionic strength
(I), which are chieﬂy dependent on the aerosol liquid water
content (ALW). The amount of ALW in atmospheric particles
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Table 1. Chemical Composition and Physical Properties of Background Solutions for the Reaction between Iron Chloride and
Catechol Using Ammonium Sulfate (AS) as Salt
Rxn
no.

[salt]
(M)

[Org]
(M)

ionic strng.
(m)a

soln. density
(g mL−1)b

soln. viscosity
(mPa s)c

1
2
3

0.01
1
2

−
−
−

0.015
2.2
4.4

4
5
6*
7
8
9

1
2
1
2
1
2

SA, 0.2
SA, 0.2
MA, 2
MA, 1
GA, 2
GA, 1

2.2
4.3
2.2
4.4
2.2
4.4

10*

2.9

5.8

11*

2.6

SA, 0.17
GA, 4.4
SA, 0.28
Mal, 4.6

AS only (no added organics)
1.0 ± 0.1
−
1.1 ± 0.1
−
1.2 ± 0.1
−
M1 + AS
1.1 ± 0.1
−
1.2 ± 0.1
−
1.2 ± 0.1
−
1.2 ± 0.1
−
1.1 ± 0.1
−
1.2 ± 0.1
−
M2 + AS
1.2 ± 0.1
2445 ± 40

5.4

1.3 ± 0.1

12

4.4

SA, 0.4
MA, 4.9
GA, 1.6

7.9

1.3 ± 0.1

2445 ± 40
M3 + AS
3014 ± 344

pH

water activity (%
RH)d

Org:AS mass
ratio

%[FeCA]e

2.2
2.6
2.5

0.99
0.97
0.95

−
−
−

1.2
0.33
0.12

2.7
2.6
2.1
2.6
2.5
2.6

0.97
0.94
0.93
0.92
0.95
0.93

0.2
0.1
2.1
0.5
2.1
0.5

0.34
0.16
0
0
0.028
0.054

2.1

0.89

1.6

0.015

2.2

0.88

1.5

0

2.1

0.81

1.6

0

Calculated using I = 1/2 ∑i1Ciz2i , where Ci is the concentration of charged species in solution in molality (m) calculated using Visual MINTEQ39
for each solution. bCalculated from the mass of a known volume. cMeasured in this study using a viscometer for low viscosity ﬂuids. The “−”
indicates the instrument was not accurately measuring viscosity using water-like ﬂuids around 1 mPa s. dCalculated using E-AIM, Model IV,
Aqueous solutions. eCalculated using Visual MINTEQ for each solution relative to total Fe(III) aqueous species in solution. Abbreviations are: Rxn
= reaction, AS = ammonium sulfate, Org = organic compound, SA = succinic acid, MA = malic acid, GA = glutaric acid, and Mal = malonic acid.
M1-3 refers to the number of the organic compounds in the solution per the terminology used by Marcolli et al.40 The concentrations are in the
ﬁnal solutions after mixing. All solutions contained ﬁnal concentrations of 2 × 10−3 and 1 × 10−3 M of Fe(III) and catechol, respectively. The ﬁnal
solution volume of Rxn no. 1−8 was 20 mL and Rxn no. 9−11 was 5 mL. The ‘*’ marks the reactions that were analyzed using UHPLC-UV-MS
after ﬁltration. See the text for details.
a

characteristic of relatively viscous multicomponent aerosol
systems and adsorbed water20 with high ionic strength (I = 1−
12 m), acidic pH (∼2),23,25,35 and low water activity (0.6−
0.97).36 This reaction was chosen because our earlier studies
were completed under conditions typical of cloud chemistry (I
= 0.01 M, pH 3−5)20,22 and showed eﬃcient formation of
polycatechol, a black agglomerate of soot-like particles that we
named “ﬁreless soot”. In this study, acidic multicomponent
background aqueous phase solutions were prepared by adding
either ammonium sulfate (AS) or ammonium nitrate (AN),
and ubiquitous C3−C5 dicarboxylic acids (malonic, malic,
succinic, and glutaric acids) detected in biomass burning
aerosols37 and used in laboratory studies investigating liquid−
liquid phase separation.28 The relative amounts of the organic
(Org) and inorganic (Inorg) components were varied to
achieve mass ratios reported for ﬁeld aerosols, Org:Inorg =
0.2−3.5.28 These salts and diacids did not only inﬂuence the
pH, I, water activity, and viscosity of the solutions but also
competed for binding to iron, speciﬁcally the anionic species.38
The main hypothesis being tested in this study is whether salts
and diacids suppress the formation of polycatechol because of
soluble iron complexes.

is a function of temperature, relative humidity (RH), and
chemical composition (inorganic vs organic).23,24 The aqueous
phase volume in cloud/fog droplets is about 10−1 cm3 m−3
with pH values range 2−7 and I of 10−4 M, compared to ∼10−6
cm3 m−3 in deliquescent aerosols with pH values below 2 and I
> 6 M depending on the source location (e.g., marine, urban,
continental).25 These values are largely controlled by the
inorganic salt content of atmospheric droplets/aerosols.
Nonmarine inorganic salts are dominated by sulfate and
nitrate from the oxidation of SO2 and NOx, respectively,
rendering these particles acidic.26,27 Neutralization reactions
due to ammonia gas uptake increase the concentration of
ammonium in particles.26,27 The organic content in atmospheric particles is characterized by a number of functional
groups that range in the oxygen-to-carbon elemental ratio
(O:C) from 0.1 to 1.0.28 Uptake of VOCs from biogenic and
anthropogenic sources, gas and particle phase oxidation
reactions can produce low-volatility products leading to mixing
of organic species with inorganic salts.28 As a result, the
morphology and mixing state in the systems that can undergo
deliquescence, eﬄorescence, and liquid−liquid phase separation are directly dependent on ALW.29−31 Moreover, lab and
model studies on primary and secondary organic aerosols show
that temperature, RH, and molecular composition aﬀect the
size, viscosity, and phase state of these aerosols, which in turn
aﬀect the relative importance of bulk versus surface
reactions.32−34
The objective of this study is to investigate the extent of
iron-catalyzed polymerization of catechol under conditions

■

MATERIALS AND METHODS
Chemicals. All chemicals were used as received without
further puriﬁcation. More details on the sources, purity,
physical properties of the organic acids, and description of
solution preparation are provided in the Supporting
Information (SI) and Table S1.
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Figure 1. Digital photographs of ﬁlters and ﬁltrate solutions after 24 h of selected reactions listed in Table 1 between catechol (1 × 10−3 M) and
FeCl3 (2 × 10−3 M) in AS solutions. The photographs are arranged in order of the increasing O:C molar ratio of the most dominant diacids based
on the structures shown. The black border marks the ﬁltrate samples analyzed using UHPLC-UV-MS and ion chromatography MS. The
corresponding photographs for the control reactions in the absence of catechol are shown in Figure S2.

Aqueous Phase Experiments. The composition of the
background solutions is shown in Tables 1 and S2 using
ammonium sulfate (AS) and ammonium nitrate (AN),
respectively.
The concentration of the diacids ranged from 0.4 to 5 M, AS
from 0.01 to 4 M, and AN from 0.01 to 12.3 M to modify the I,
Org:Inorg mass ratio, and water activity of the reaction
solutions. These concentrations are atmospherically relevant as
they mimic the high solute:solvent ratio in adsorbed water and
in aerosols with relatively low ALW.25 Solution density and
viscosity were measured in the lab by weighing a known
volume and using a viscometer (IKA ROTAVISC LO-VI with
a VOLS-1 accessory), respectively. The ﬁnal concentrations of
catechol and Fe(III) were 1 × 10−3 and 2 × 10−3 M, three
orders of magnitude less than those of the dicarboxylic acids,
AS and AN. All reactions were run under dark conditions.
More details are provided in the Supporting Information (SI).
Dynamic Light Scattering Experiments. DLS experiments were performed to monitor the growth of insoluble
polymeric materials forming in solution within the ﬁrst hour of
reaction time. The reaction took place in a 20 mL vial
containing 10 mL of a given background solution per Tables 1
and S2 in addition to catechol at 1 × 10−3 M. The timer started
with the addition of 0.1 mL of FeCl3 to result in a ﬁnal
concentration of 2 × 10−3 M. Within the ﬁrst minute of
reaction, 3 mL were taken to the 1 cm disposable cuvette
located in the DLS instrument, Malvern Zetasizer Nano
(ZEN3600), to start the data collection. More details are
provided in the Supporting Information (SI).
Chromatography Analyses. Selected ﬁltrate samples
were chosen for identifying the soluble products responsible
for the observed color shown in Figure 1. These samples were
diluted 100 times and analyzed by UHPLC-UV-MS (Accela
1250 with tandem photodiode array and MSQ Plus detectors,
Thermo Scientiﬁc)41 equipped with a C18 column (ZORBAX
Eclipse Plus RR HD, 2.1 mm× 100 mm, 1.8 μm). An
electrospray ionization (ESI) source served as the interface
between the UHPLC and MS. Four solvents were used to
create gradients in a 16 min program at a ﬂow rate of 0.400 mL
min−1, with 5 × 10−3 M formic acid in water (solvent A) or
acetonitrile (solvent B) for ESI(−)/MS and 1 × 10−3 M
ammonium formate in water (solvent C) or acetonitrile
(solvent D) for ESI(+)/MS. Samples for Rxn 10 were also
analyzed using high resolution-mass spectrometry (HR-MS,

positive mode) with a quadrupole orbitrap. More details are
provided in the Supporting Information (SI).

■

RESULTS AND DISCUSSION
Correlation of the O:C Ratio With Insoluble and
Soluble Product Formation. Iron-catalyzed oxidative
polymerization of catechol was studied in variable background
solutions, as shown in Tables 1 and S2 to model aerosol
systems under acidic conditions. The concentration of
chemicals was chosen to achieve the Org:Inorg (AS or AN)
mass ratio between 0.5 and 2. This mass ratio range was
measured in ﬁeld-collected organic aerosols from the pristine
Amazon Basin42 and many locations in the Northern
Hemisphere.43,44 The diacids chosen for this study have an
O:C molar ratio greater than or equal to 0.8. Previous work on
aerosol systems containing organics with this molar ratio range
showed no liquid−liquid phase separation as a function of the
Org:AS mass ratio range used here.45 Instead, deliquescence
(D) and eﬄorescence (E) were observed in these systems with
DRH and ERH ranging from 45 to 80 and 10 to 35%,
respectively.45 The calculated water activity in the solutions in
Tables 1 and S2 ranges from 0.6 to 0.99, hence covering a
relatively wide range of ALW.
Figures 1 and S1 show digital photos of particles on ﬁlters
and ﬁltrate solutions from the reaction of catechol with Fe(III)
as a function of the O:C molar ratio in the background
solutions listed in Table 1. For comparison, images for the
control reactions in Figure 1 in the absence of catechol are
shown in Figure S2. These qualitative results clearly show that
the insoluble black particles and brownish soluble reaction
products in Figures 1 and S1 originated from catechol. Also,
the type of the diacid and its concentration relative to AS in
the background solutions aﬀected the particle density after 24
h reaction time as inferred from the color of the ﬁlters. This is
because these diacids and AS can complex Fe(III) and hence
compete with catechol.38 In the pH range 2−2.5, the dominant
iron species are Fe3+ and FeOH2+.6 Table S3 lists values for the
forward complex formation rate constants, kf, between FeOH2+
and selected ligands of direct relevance to our study. Although
the experimental conditions in Table S3 do not represent the
ones in this study, the kf value for forming the iron catecholate
complex, Fe(C6O2H4)+ (Fe-CA), is 3× that for forming iron
sulfate, Fe(SO4)2−, and iron malate, Fe(C4O5H4)+ (Fe-MA).
Because of the sparsity of reliable kinetic studies on iron
complex formation with the rest of the ligands used here,
211
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Table 2. Dominant Iron Species at Equilibrium as Calculated Using Visual MINTEQ for Each Reaction Solution Listed in
Table 1 With Ammonium Sulfate (AS)a
Rxn 1

Rxn 2

Rxn 3

Fe(SO4)+ = 85.9%
Fe(H2O)3+ = 4.9%
Fe(OH)2+ = 4.2%
Fe(SO4)2− = 3.3%
Fe(C6O2H4)+ = 1.2%
Rxn 4

Fe(SO4)+ = 71.6%
Fe(SO4)2− = 25.5%
Fe(OH)2+ = 1.5%
Fe(C6O2H4)+ = 0.33%

Fe(SO4)+ = 77.7%
Fe(SO4)2− = 20.2%
Fe(OH)2+ = 1.1%
Fe(C6O2H4)+ = 0.12%

Rxn 5

Rxn 6

+

Fe(SO4) = 46.7%
Fe(C4O4H4)+ = 34.3%
Fe(SO4)2− = 16.7%
Fe(OH)2+ = 1.3%
Fe(C6O2H4)+ = 0.34%
Rxn 7

Fe(SO4) = 64.2%
Fe(C4O4H4)+ = 17.0%
Fe(SO4)2− = 16.7%
Fe(OH)2+ = 1.1%
Fe(C6O2H4)+ = 0.16%
Rxn 8

Fe(C4O5H4)+ = 99.3%
Fe(SO4)+ = 0.54%
Fe(SO4)2− = 0.18%
Fe(OH)2+ = 0.012%
Fe(C6O2H4)+ = 0%
Rxn 9

Fe(C4O5H4)+ = 97.6%
Fe(SO4)+ = 1.87%
Fe(SO4)2− = 0.49%
Fe(OH)2+ = 0.033%
Fe(C6O2H4)+ = 0%
Rxn 10

Fe(C5O4H6)+ = 86.6%
Fe(SO4)+ = 9.6%
Fe(SO4)2− = 3.4%
Fe(OH)2+ = 0.17%
Fe(C6O2H4)+ = 0.028%
Rxn 11

Fe(C5O4H6)+ = 82.2%
Fe(SO4)+ = 13.7%
Fe(SO4)2− = 3.6%
Fe(OH)2+ = 0.30%
Fe(C6O2H4)+ = 0.054%
Rxn 12

Fe(C5O4H6)+ = 49.4%
Fe(SO4)+ = 37.3%
Fe(SO4)2− = 12.1%
Fe(C4O4H4)+ = 0.68%
Fe(OH)2+ = 0.17%
Fe(C6O2H4)+ = 0.015%

+

Fe(C3O4H2)2− = 99.7%
3−
Fe(C3O4H2)3 = 0.22%
+
Fe(C3O4H2) = 0.1%
Fe(C6O2H4)+ = 0%

Fe(C4O5H4)+ = 90.4%
Fe(SO4)+ = 5.3%
Fe(SO4)2− = 2.2%
Fe(C5O4H6)+ = 1.9%
Fe(C4O4H4)+ = 0.17%
Fe(C6O2H4)+ = 0%

a

The organic ligands listed are: malonate = [C3O4H2]2−, succinate = [C4O4H4]2−, malate = [C4O5H4]2−, glutarate = [C5O4H6]2−, and catecholate
= [C6O2H4]2−.

CA ranged from 1.2 to 0.12 with increasing AS concentration
(Rxn 1−3). The addition of succinic acid (SA, O:C = 1) in
Rxn 4 and 5 decreased the fraction of iron sulfate (Fe(SO4)+
and Fe(SO4)2−) compared with Rxn 2 and 3 due to the
formation of iron succinate species (Fe(C4O4H4)+). The %FeCA in these solutions was similar to those in Rxn 2 and 3 with
no SA. This result is due to the complexation aﬃnity of
catechol being higher than SA to Fe(III). In Rxn 6 and 7, malic
acid (MA, O:C = 1.25) was added, which signiﬁcantly
decreased the % Fe(SO4)+ and Fe(SO4)2− species compared
with Rxn 2 and 3 and completely suppressed the formation of
Fe-CA species. On the other hand, the presence of glutaric acid
(Rxn 8, 9) reduced the formation of Fe(SO4)+ and Fe(SO4)2−
to a lesser extent than MA in Rxn 6 and 7. The %Fe-CA in Rxn
8 and 9 is 0.028 and 0.054%, nearly 10× less than that with SA
at (Rxn 4 and 5), but nonzero as observed with MA. These
results are clearly in line with the log K values of Fe(III)
complexes with GA being between the log K values of Fe(III)
with MA and those with SA (see eqs S39 and S40 for GA
versus S35, S36 for MA and S37 and S38 for SA).
The background AS solutions in Rxn 10 and 11 contained
two added diacids (M2 + AS, Table 1), which were SA and GA
(Rxn 10) and SA and Mal (Rxn 11). The concentrations of
these components resulted in higher solution density and
lower water activity than the M1 + AS solutions, Rxn 1−9. As
inferred from the speciation trends in Rxn 1−9 discussed
above, mixing SA with GA in Rxn 10 resulted in the formation
of predominantly iron glutarate (Fe(C5O4H6)+) complexes
followed by iron sulfate species (Fe(SO4)+ and Fe(SO4)2−)
then iron succinate (Fe(C4O4H4)+). This trend followed the
concentrations of the corresponding ligands in solution (i.e,
AS, GA, and SA). The %Fe-CA species was 0.015, much lower

interpretation of the results will be based on the values of the
thermodynamic stability constants (log K) for these complexes,
as listed in the Supporting Information, S1−S40. In the
presence of excess dissolved iron and dissolved oxygen, iron
catalyzes the deprotonation of catechol below its ﬁrst pKa.46
The log K value for the formation of Fe-CA per eqs 1 and 2 is
7.9 and 9.9 depending on the iron species
(S15) + (S27)

Fe3 + + H(C6O2 H4)− F Fe(C6O2 H4)+

+ H+

(1)

(S15) − (S16) + (S27)
FeOH2 + + H(C6O2 H4)− F Fe(C6O2 H4)+ + H 2O
(2)

These log K values are the highest compared to those of the
diacids as listed in Supporting Information reactions S28−S40.
Iron complexes with the diacids are stable in the aqueous
phase, whereas Fe-CA complexes get oxidized and polymerized
under acidic conditions (see the mechanism in the Supporting
Information in reference,22 which is also described below).
Hence, quantifying iron species in solution using thermodynamic models would aid in interpreting the results, particularly
because iron is the limiting reagent and the concentration of
the diacids is nearly 1000× higher than that of catechol in the
reaction. The dominant iron species relative to total iron in
solution are listed in Table 2, which were calculated using the
Visual MINTEQ software for each reaction solution in Table
1. The formation of Fe-CA complexes is the ﬁrst step in the
oxidative polymerization reaction that leads to the formation of
insoluble polycatechol.20 In solutions with AS only, the %Fe212
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Figure 2. Top panel: vials containing suspensions of polycatechol particles after 60 min reaction between catechol (1 × 10−3 M) and FeCl3 (2 ×
10−3 M) in AS solutions using DLS in diﬀerent background solutions listed in Table 1: Vials in a−h are arranged in the order of the decreasing rate
of particle formation/agglomeration. Middle panel: ﬁlters of particles after 24 h reaction time in the samples shown in the top panel. Bottom panel:
(Left) DLS measurements of the average particle size of polycatechol as a function of time (±1σ = 30%, error bars were removed for clarity). Lines
through the data correspond to linear least-squares ﬁtting. (Right) The observed rate of particle growth or aggregation as a function of ionic
strength from the DLS data with error bars represents ±1σ.

observed. For Rxn 6, 7, and 12, the Visual MINTEQ
thermodynamic model calculated a %Fe-CA to be zero, yet
discoloration of ﬁlters was apparent after 24 h reaction (Figure
1). This discoloration is due to traces of polycatechol particles
suggesting a signiﬁcant reduction in the rate of particle growth
under these reaction conditions.
For comparison with AS, selected experiments using AN
were also conducted under the same conditions. Table S2 lists
Rxn 1−10 using AN only, AN with the addition of one type of
diacid (M1 + AN), and with three types of diacids (M3 + AN).
Nitrate is a much weaker ligand than sulfate, hydroxide, and
chloride,48 and hence the calculated fraction of iron species in
solution did not contain iron nitrate, as shown in Table S4. For
Rxn 1′−4′ with no diacids, increasing the concentration of AN
from 0.01 to 12.3 M reduced the %Fe-CA from 9.5 to 2.4. The
%Fe-CA in AN solutions were considerably higher than those
for Rxn 1−3 using AS, which ranged from 1.2 to 0.12 (Table
2). As will be shown in the next section, this diﬀerence will
have implications on the rate of particle growth/agglomeration
determined in DLS experiments. The addition of the diacids to
the AN solutions had a larger impact on the %Fe-CA than
increasing AN concentration. For example, Rxn 2′, 5′, and 7′
contained AN at 1 M, with 0.2 M SA in Rxn 5′ and 2 M GA in
Rxn 7′. The %Fe-CA dropped from 4.0 to 0.8 and 0.03,
respectively. This is because SA and GA formed stable iron
complexes per reactions S37−S40 in the Supporting
Information. And since the concentration of SA is 200-times
higher (Rnx 5′, 6′) and GA 2000- and 1000-times (Rnx 7′, 8′)
higher than the concentration of catechol, they signiﬁcantly
reduced the amount of iron available for complexation. Figure
S3b,d,f shows digital photos for Rxn 2′, 5′, and 7′ after 60 min
reaction and the corresponding ﬁlters following overnight
reaction. There is a noticeable qualitative diﬀerence between
Figure S3b,d, compared with Figure S3f, where lighter color
was apparent for the reaction solution and ﬁlter. This result

than those calculated for Rxn 4, 5, 8, and 9. In Rxn 11 with
malonic acid (Mal, O:C = 1.33), the dominant species were
the iron malonate complexes in the bi- > tri- > monodentate
conﬁgurations (Table 2). The ability of Mal to form more than
one type of iron complex is similar to that of oxalic acid (O:C
= 2).22,47 We previously showed that excess oxalic acid
suppressed the formation of polycatechol under cloud
chemistry conditions due to the formation of soluble iron
oxalate complexes with multiple coordination.22 So, because
Fe(III) was almost completely complexed with malonate, no
polycatechol particles were formed, as observed qualitatively in
Figure 1.
The background AS solution in Rxn 12 contained three
diacids, SA, MA, and GA (M3 + AS, Table 1). While this
solution had the same density as Rxn 10 and 11, the calculated
water activity was lower (0.81 compared to 0.89 and 0.88,
respectively). Since the concentration of MA was the highest,
iron malate species (Fe(C4O5H4)+) were the dominant iron
complexes, followed by iron sulfate, iron glutarate, and iron
succinate. This trend followed the concentrations of the
corresponding ligands in solution (i.e, MA > AS > GA > SA).
As a result, the formation of the aforementioned complexes
drastically reduced polycatechol formation (Figure 1).
As discussed above for Table 1, despite the very low values
of %Fe-CA in Rxn 2−12, polycatechol particles still formed (as
judged by the color of the ﬁlters for reaction and control
experiments) with an apparent reduction in particle density
with increasing concentrations of the diacids that strongly
complex to iron (Mal > MA > GA). This trend correlated with
the O:C molar ratio of these diacids (Table S1: 1.33 > 1.25 >
0.8, respectively). SA was removed from this list because it had
lower solubility than the other diacids, which prevented our
ability to conduct experiments using concentrations at 1 and 2
M. The case of Rxn 11 where Mal is the dominant diacid was
the only one where no evidence of particle formation was
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increased the percentage of positively charged species
compared to AS only (Rxn 2, 3). These species might have
interfered with the particle growth mechanism where positively
charged Fe-CA formed in the initial steps. Polycatechol
formation in solution falls under the category of “mechanisms
for polymerization reactions”. Free radical polymerization
reactions are composed of three main steps: initiation,
propagation, and termination.49 Hence, steric and electrostatic
factors might have played a role in decreasing the rate of
polycatechol growth/agglomeration upon adding SA. The
addition of MA in Rxn 6 (and 7) did not produce polycatechol
over 60 min reaction time during the DLS experiments and
hence yielded unreliable values for <d>. The calculated %FeCA in these reactions were 0 as soluble iron malate,
Fe(C4O5H4)+, dominated iron species in solution at 99.3 and
97.6%. Interestingly, analysis of ﬁltrate samples for Rxn 6
shows the presence of soluble oligomers responsible for the
yellow color, as described in the next section.
Moreover, the addition of 1 and 2 M GA to AS at I = 2.2
and 4.4 m per Rxn 8 and 9, respectively, decreased the initial
rate of polycatechol growth/agglomeration to a larger extent
than SA. Values of <d> collected for Rxn 8 over the 60 min
reaction time were unreliable as they did not meet the criteria
outlined in the Experimental Section. Particles collected on the
ﬁlter after allowing the reaction to proceed for 24 h showed a
relatively lower density of particles than other reactions. The %
Fe-CA in this reaction was 0.028. This result suggested a
relatively much slower initial rate of particle growth/
agglomeration to be detected in real time using DLS relative
to Rxn 1−5. The observed initial rate of polycatechol growth/
agglomeration in Rxn 9 was lower by nearly a factor of 4 ± 1
relative to AS only at the same I (Rxn 3). The <d> data points
for Rxn 9 shown in lower left panel Figure 2 were the only
ones that ﬁt the criteria described in the Experimental Section.
A number of factors might have contributed to this initial rate
reduction that include the relatively very small concentration
of %Fe-CA complexes in solution at 0.054 and the dominance
of the bulky and positively charged iron glutarate complexes
Fe(C5O4H6)+ (82%) that interfered with the particle growth
mechanism. In summary, within the uncertainty of the DLS
measurements, increasing I with AS (by a factor 200−400) did
not signiﬁcantly inﬂuence the initial rate of Fe(III)-catalyzed
polycatechol growth/agglomeration. Adding diacids, however,
with an O:C molar ratio 0.8 and 1 (GA and SA, respectively)
resulted in a statistically signiﬁcant reduction in the initial rate
by nearly factor of 2 for low concentrations (0.2 M) and by a
factor of 4 for high concentrations (2 M). The initial rate of
polycatechol growth/agglomeration was fully suppressed upon
adding diacids with an O:C molar ratio greater than 1. Figures
S3 and S4 show the DLS results on polycatechol growth/
agglomeration in AN solutions (a−e, Rxn 1′−3′, 5′, 6′). A
detailed analysis of these DLS results is provided in the
Supporting Information. In summary, the DLS results using AS
and AN strongly suggest that competition of diacids for iron
complexation plays a larger role in secondary organic particle
formation and growth in solution than I from the inorganic
content only.
Mass Spectrometric Analysis of Soluble Reaction
Products. As stated in the Introduction, the formation
pathways for soluble and insoluble SOA are an active area of
research in atmospheric chemistry. The UHPLC-UV chromatograms recorded at λ = 210 nm for the reactions of catechol in
the presence of Fe(III) in the solution of AS (Rxn 6, 10, and

was expected since the concentration of GA in Rxn 7′ (Figure
S3d) is 10× that of SA in Rxn 5′ (Figure S3b) and conﬁrmed
the concentration dependence interpretation mentioned above
for %Fe-CA. Similar qualitative observations could be made
when comparing Rxn 3′, 6′, and 8′ (Figure S3c,e,g) that
contained AN at 2 M. These observations suggest that
increasing AN concentration had no apparent eﬀect on particle
density. Figure S3g for Rxn 8′ shows the reaction solution that
contained half the concentration of GA in Rxn 7′ (Figure S3f),
which resulted in relatively higher %Fe-CA at 0.07 for Rxn 8′.
Hence, the visibly darker ﬁlter from Rxn 8′ suggests more
polycatechol formation than from Rxn 7′. In summary, ironcatalyzed polycatechol formation in multicomponent background solutions is a kinetically controlled process that (a)
does not only depend on the concentration of the inorganic
salt used to adjust I but also the type of the anion in that salt
and its aﬃnity for complexation to iron and (b) is aﬀected by
the concentration and the number of complexes organic
diacids form with iron.
Kinetics of Polycatechol Particle Growth/Agglomeration. To investigate the kinetics of particle growth due to
polycatechol formation, DLS experiments were conducted in
selected AS and AN background solutions (Rxn 1−6, 8, and 9
in Table 1 and Rxn 1′−8′ in Table S2, respectively). In these
measurements, the hydrodynamic average size of particles
(<d>) formed in solution was monitored as a function of
reaction time within the ﬁrst 60 min. Figures 2 and S3
summarize the results from these experiments. The top panel
shows digital images of the vials containing suspensions of the
polycatechol particles at the end of the DLS measurements
arranged in the order of the decreasing particle growth/
agglomeration rate (from left to right). The solutions in the
reaction vials were ﬁltered after 24 h and dried overnight
(middle panel of Figures 2 and S3).
Qualitative inspection of the slurries containing polycatechol
in the top panel of Figure 2 after 60 min reaction time showed
that there was a visible decrease in the intensity of the color
that correlated with the presence of the diacids, SA, GA, and
MA in d−h. The time dependence of <d> is shown in the
lower left plot of Figure 2. As stated in the Methods section in
the Supporting Information, only <d> with PDI < 0.4 and a
mean count rate greater than 100 kcps were selected for the
rate derivation. A linear least-squares ﬁtting was used to obtain
the observed initial rates of particle growth/agglomeration
from the experimental data. The slopes from the best ﬁts were
then plotted as a function of I of the background solutions
(lower right plot in Figure 2). Within the uncertainty of the
measurement, these data showed that increasing I and adding
diacids reduced the initial rate of polycatechol growth/
agglomeration. Speciﬁcally, reactions in background solutions
having I = 2.2 and 4.4 m AS only are slower by nearly a factor
of 1.3 ± 0.4 compared to 10−2 m AS (Rxn 2 and 3 vs Rxn 1).
This result could be explained by the reduction in %Fe-CA
with increasing concentration of AS from 1.2 to 0.33 to 0.12
(Rxn 1−3, Table 2). The addition of SA at concentrations
nearly 10× lower than AS decreased the rate of polycatechol
growth/agglomeration relative to AS only at the same molality
by a factor ∼1.6 ± 0.5 (Rxn 4, 5, Table 2). These solutions
with SA had similar %Fe-CA to those containing AS only (0.34
and 0.16). This result could be explained by the formation of
iron succinate complexes, Fe(C4O4H4)+, at the expense of iron
sulfate, as shown in Table 2. The Fe(C4O4H4)+ complexes are
larger in size than iron sulfate and their formation in solution
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the neutral molecule. However, peak 3 did not display any
anion and could only be identiﬁed in the positive ionization
mode with the ammonium formate modiﬁer by its m/z+ value
from the H+ and NH4+ adducts to the molecule.
The analysis of Figure 3 and Table 3 veriﬁes that peak 1
corresponded to an anion at m/z− 109.10 for catechol with the
molecular formula C6H6O2. Furthermore, Figure 4 displays the
extracted UV−visible spectra of the chromatographic peaks,
which reinforced the reactant absorbing at λmax = 276 nm. Peak
2 corresponded to an anion with m/z− 207.20 and molecular
formula C11H12O4, which could be tentatively assigned to
either (a) 4-((1Z,3Z)-4,5-dihydroxypenta-1,3-dien-1-yl)benzene-1,2-diol or (b) 4-((1Z,3Z)-1,5-dihydroxypenta-1,3dien-1-yl)benzene-1,2-diol. Both isomers are formed during
the oxidative cleavage of a ring with the loss of one carbon
from a coupling product of catechol and pyrogallol molecules.
Such assignments supported the absorption at λmax = 343 nm
for peak 2 (Figure 4), possessing an extended chain of
conjugated CC bonds. While peak 3 could not be detected
as an anion, its m/z+ 453.29 and 470.32 for clusters with 1 H+
and 1 NH4+, respectively, indicated a molecular formula of
C18H12O14, which could be described by the structure of a
polyhydroxylated quinone. For example, the structure of
2,2″,3,3″,4,4″,5,5′,5″,6,6′,6″-dodecahydroxy-[1,1′:4′,1″-terphenyl]-2′,3′-dione (or an isomer) including three aromatic
rings explained the absorption extending to a λmax = 407 nm for
peak 3. In addition, peak 4 present in the chromatogram of
reaction 6 was conﬁrmed to have ions at m/z− 212.18, and at
m/z+ 214.20 for the adduct with 1 H+, indicating a molecular
formula of C12H7O3N. The previous elemental formula was
conﬁrmed using (15NH4)2SO4 at m/z+ 215.20 and HR-MS(+)
(when using 14NH4+) detecting m/z+ 214.0501, which is only
1.1015 ppm apart from m/z+ 214.0499 for C12H8O3N+.
Considering the presence of a nitrogen atom in the molecule,
and the strong absorption at λmax = 395 nm with a shoulder
extending into the visible spectrum, the structure for a quinone
imine such as 4′-imino-[1,1′-bi(cyclohexane)]-1,1′,5,5′-tetraene-3,3′,4-trione or an isomer is proposed to describe peak 4.
The formation of a quinone imine from catechol should be
mediated by Fe(III) catalysis, which generates o-quinone, and

11, Table 1) are shown in Figure 3, with catechol (red lines)
corresponding to peak 1 and the control for reactions without

Figure 3. UHPLC-UV chromatogram (λ = 210 nm) for (red lines)
Rxn (top) 6, (center) 10, and (bottom) 11 after 24 h of reaction
between catechol (1 × 10−3 M), FeCl3 (2 × 10−3 M) in AS solutions,
as listed in Table 1. The blue lines correspond to the respective
control solutions without catechol. Except catechol (peak 1), all other
labeled peaks correspond to products described in the text.

catechol (blue lines). These reactions were selected because
their ﬁltrate solutions shown in Figure 1 highlight the eﬀect of
dicarboxylic acids on the optical properties of the products.
The focus of this part of the paper is entirely to investigate the
labeled peaks 2 through 10 in the chromatograms, which were
the only species appearing as products formed in the presence
of catechol. The retention times, m/z values, and general
elemental formula of labeled chromatographic peaks in Figure
3 are provided in Table 3. Schemes S1 and S2 show
mechanistic details and suggested structures of the molecules
with the elemental formula in Table 3. The m/z− values in the
negative ionization mode using formic acid as the modiﬁer
corresponded to anions formed after the loss of a proton from

Table 3. Retention Time (r.t.) for Chromatographic Peaks in Figure 3 with m/z Values and Molecular Formula in the Negative
and Positive Ion Modesa
m/z−
peak #

r.t. (min)

parent

1

4.17

109.10

2
3

5.02
5.48

207.20
N.D.

4
5
6
7

7.16
2.37
2.49
5.49

212.18
167.14
167.10
217.20

8

6.03

315.25

9
10

6.54
6.79

249.20
365.27

m/z+
fragment

parent

adduct
128.15
(M + NH4+)

453.29
173.19
149.12
123.09

470.32
(M + NH4+)

214.20

471.48
(2M + 2NH4+ − H+)
334.30
(M + NH4+)
251.21
384.31
(M + NH4+)

molecular formula
C6H6O2
C11H12O4
C18H12O14
C12H7O3N
C8H8O4
C7H4O5
C12H10O4
C16H12O7
C12H10O6
C16H14O10

a

See Schemes S1 and S2 for suggested structural formulas. N.D. = not detected.
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Figure 4. Extracted UV−visible spectra of peaks 1, 2, 3, 4, 5, 7, 8, and 10 in the chromatograms of Figure 3, where chromatograms are shown for
reactions 6, 10, and 11 after 24 h of reaction between catechol (1 × 10−3 M), FeCl3 (2 × 10−3 M) in AS solutions, as listed in Table 1.

in Figure 4. However, the low abundance of the species
corresponding to chromatographic peaks 6 and 9 prevented us
from characterizing them in the UV−visible region. The welldeﬁned electronic transitions for the absorption spectra of
peaks 5, 7, 8, and 10 are typical of n → π* transitions but are
still far from the visible range. Peak 5 in Figure 3 with m/z−
167.14 and absorption at λmax = 270 nm corresponded to a
molecular formula C8H8O4, with a proposed structure of 2(3,4-dihydroxyphenyl)acetic acid (Scheme S2). This carboxylic
acid species at m/z− 167.14 with the same fragment loss of 18
amu was registered by ion chromatography mass spectrometry
(IC-MS) at 27.65 min. Peak 6, with m/z− 167.10 and
molecular formula C7H4O5, could undergo a β-ketocarboxylic
acid decarboxylation loosing 44 amu as explained, i.e., by a
proposed structure of 4-hydroxy-5,6-dioxocyclohexa-1,3-dienecarboxylic acid. Both structures for peaks 5 and 6 arose after
oxidative cleavage of coupling products.
Peak 7 (Figure 3) with m/z− 217.20 for a molecular formula
C12H10O4 and absorption maxima at λmax,1 = 261 nm and λmax,2
= 295 nm was described by a coupling isomer of catechol such
as [1,1′-biphenyl]-3,3′,4,4′-tetraol. Peak 8 with m/z− 315.25
was assigned to a molecular formula C16H12O7 for either
isomer (Z)-4-oxo-2-(3′,4,4′,5-tetrahydroxy-[1,1′-biphenyl]-3yl)but-2-enoic acid or 2-hydroxy-3-(3′,4,4′,5-tetrahydroxy[1,1′-biphenyl]-3-yl)malealdehyde. Peak 9 at m/z− 249.20 for
C12H10O6 was well-described by the coupling structure of two
pyrogallol molecules, [1,1′-biphenyl]-3,3′,4,4′,5,5′-hexaol. Finally, peak 10 at m/z− 365.27 for a molecule of C16H14O10
absorbing at λ = 283 nm could be described by an isomer with
1 open and 2 close rings: 2,2′-(3,3′,4,4′,5,5′-hexahydroxy[1,1′-biphenyl]-2,2′-diyl)bis(2-hydroxyacetaldehyde) or (E)-2(3,3′,4,4′,5,5′-hexahydroxy-[1,1′-biphenyl]-2-yl)-2,3,4-trihydroxybut-3-enal.
Figure S6 shows the IC chromatogram for Rxn 10, where the
reactants glutarate (m/z− 131.11), succinate (m/z− 117.08),
and hydrogen sulfate (m/z− 97.07) all eluted between at 18.2
and 20.0 min. The formation of 90 μM oxalate product at
20.72 min, only detected in the extracted ion chromatogram at
m/z− 89.03 (Figure S6), is typical for the deep oxidation of
organic matter and has been observed before for catechol.54−56
Oxalic acid is a highly soluble organic species that could be
considered an endpoint oxidation product in this system before
the ﬁnal conversion of catechol into formic acid and CO2.60−63
In other words, although the ratio of the detected product to
initial reactant [oxalic acid]/[catechol]0 <10%, the detection of
this product demonstrates that a complex chain of oxidation

in the presence of ammonia, produced the imine that
undergoes a coupling reaction. The catalytic power of the
catechol/o-quinone redox pair together with the complex
equilibria for Fe(III) and Fe(II) ions with catechol and
dicarboxylic acids should play a key role in the formation of the
novel species proposed. Such organonitrogen molecule was not
recognized in earlier studies but is now available for further
evaluation in new laboratory studies and ﬁeld sampling, where
it can play a role as a reactive intermediate. The nitrogencontaining organic carbon (NOC) that corresponds to peak 4
described above belongs to the reductive NOC class that
includes amines, imines, and imidazoles. In general, NOC is
increasing in importance as a class of brown carbon in
atmospheric organic aerosol.5,50,51 Particle phase formation of
NOC is driven by ammonia uptake on newly formed SOA
from the oxidation of α-pinene and m-xylene 52 and
evaporation of glyoxal-ammonium sulfate droplets.53 Reactions
with NO2 and NO3 lead to nitration of polycyclic aromatic
hydrocarbons yielding nitrophenols, nitrocatechols,54−57 nitration of isoprene-derived epoxides during SOA formation,58 and
nitro-heterocyclic compounds such as nitropyrrole.59 Hence,
metal-catalyzed reactions driven by dissolved oxygen that lead
to the formation of NOC in particles are potentially important
pathways in systems containing ammonium and transition
metals, which warrant further investigation.
The fact that peak 4 with λmax ∼ 400 nm is also registered in
the chromatogram for Rxn 10 (Figure 3) indicated that GA
inﬂuenced the oligomerization reaction in a similar manner as
MA in Rxn 6. This strongly absorbing product in the near UV
and visible spectrum (Figure 4) characterized the major
features of the catechol/GA/SA reaction with iron (Figure S5a,
Supporting Information). This feature was also present in Rxn
9 for the reaction of catechol/GA with iron in the absence of
SA (Figure S5b, Supporting Information). The broad
absorption feature in Figure S5c for the ﬁltrate of the
catechol/MA reaction with iron (Rxn 6) showed the existence
of a peak with λ ∼ 400 nm. These ﬁndings suggested that SA is
not a key player for the formation of the species assigned to
peak 4, which were in line with the DLS analysis described
above. Hence, the absence of the species responsible for peak 4
in Rxn 11 containing catechol/Mal/SA and iron suggested that
Mal suppressed oligomerization reactions due to the formation
of soluble and stable iron malonate complexes.
From the data continuously recorded by the photodiode
array detector, we extracted the UV−visible spectra of
chromatographic peaks 5, 7, 8, and 10, which are presented
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reactions must have occurred, which typically implied the
presence of reactive dicarbonyls and ketocarboxylic acids
intermediates.61,62,64
In conclusion, our novel studies showed that the rate of ironcatalyzed polycatechol formation/aggregation in solution was
signiﬁcantly reduced in systems with high ionic strength (I > 1
m) and in the presence of competing diacids with the oxygento-carbon molar ratio (O:C) greater than 1. This reduction in
the rate of the insoluble product formation allowed for the
detection of soluble oligomers that were not previously
observed in similar systems under lower ionic strength (I ∼
0.01 M) or from VOC oxidation.64 Formation of colored
organonitrogen oligomers in samples containing ammonium
sulfate highlights a new pathway driven by iron chemistry that
forms nitrogen-containing nucleophiles. In addition, the
reactivity of aerosol systems with similar chemical compositions like those studied here could lead to liquid−solid phase
separation and changes to mixing states and morphologies
depending on the type of the diacid in the system. These
changes to aerosol physical properties would aid in interpreting
images collected from ﬁeld and lab studies.29,30,65 While
diacids of a wide range of O:C ratio are often grouped together
as a class of organics in atmospheric aerosols, our studies
highlight that knowledge of their thermodynamic pKa values
only, some of which are currently incorporated in atmospheric
chemistry models, is not enough to fully understand their
complexation and reactivity with transition metals. The
knowledge of structural eﬀects on the kinetics of these
reactions provides invaluable information on the role of the
diacids in changing chemical and physical properties of
aerosols.
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